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[1] Ground surface displacement (GSD) in large calderas is often interpreted as resulting
from magma intrusion at depth. Recent advances in geodetic measurements of GSD,
notably interferometric synthetic aperture radar, reveal complex and multifaceted
deformation patterns that often require complex source models to explain the observed
GSD. Although hydrothermal fluids have been discussed as a possible deformation agent,
very few quantitative studies addressing the effects of multiphase flow on crustal
mechanics have been attempted. Recent increases in the power and availability of
computing resources allow robust quantitative assessment of the complex time-variant
thermal interplay between aqueous fluid flow and crustal deformation. We carry out
numerical simulations of multiphase (liquid-gas), multicomponent (H,O—CO,)
hydrothermal fluid flow and poroelastic deformation using a range of realistic physical
parameters and processes. Hydrothermal fluid injection, circulation, and gas formation can
generate complex, temporally and spatially varying patterns of GSD, with deformation
rates, magnitudes, and geometries (including subsidence) similar to those observed in
several large calderas. The potential for both rapid and gradual deformation resulting from
magma-derived fluids suggests that hydrothermal fluid circulation may help explain
deformation episodes at calderas that have not culminated in magmatic eruption.
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1. Introduction

[2] Measured ground surface displacement (GSD) rates in
calderas span several orders of magnitude, from mm a~'
(detection limit) to m a~', over periods of observation that
range from subannual to millennial [e.g., Dvorak and
Dzurisin, 1997; Dzurisin, 2003, 2007; Poland et al.,
2006]. Modern geodetic techniques such as interferometric
synthetic aperture radar (InSAR) and GPS provide unprec-
edented insight into the temporal and spatial evolution of
GSD, and reveal that deformation patterns can be highly
variable both in space and in time [e.g., Battaglia and
Segall, 2004; Chang et al., 2007; Kwoun et al., 2006; Wicks
et al., 2006]. Deformation patterns have traditionally been
interpreted to result from magmatic intrusion into the
shallow crust, with intrusion source depth, volume, and
geometry often calculated using analytical elastic half-space
models [e.g., Fialko et al., 2001; Mogi, 1958] that are
sensitive to simplified assumptions [e.g., Manconi et al.,
2007; Masterlark, 2007]. In fact, most reported GSD
episodes have not culminated in magma eruption, and
eruptions can occur without significant observed GSD
[e.g., Pritchard and Simons, 2002]. Magma intrusion acts
as a volume and pressure source, but an intrusion into the
deep crust can also provide heat and volatiles required to
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drive hydrothermal circulation in the overlying permeable
crust. At longer time scales, magma crystallization is a
major source for heat and volatiles (mainly H,O and CO,)
that enter the overlying hydrothermal system. Circulation of
hydrothermal fluids promotes rock thermal expansion and
contraction, as do pressure changes due to fluid injection
and gas formation.

[3] An increasing number of observations indicate a
causal link between transient groundwater and/or gas pres-
sures and GSD in volcanoes [e.g., Battaglia et al., 2006;
Chiodini et al., 2003; Dzurisin et al., 1990; Gottsmann et al.,
2007; Watson et al., 2000]. Further, many caldera-hosted
hydrothermal systems likely include vapor-dominated, two-
phase regions with large CO, fractions in the gas phase
[Chiodini et al., 2001, 2003; Lowenstern and Hurwitz,
2008; Werner and Brantley, 2003]. This suggests that
caldera deformation can be induced by multiphase, com-
pressible fluids in a permeable medium.

[4] Recent numerical modeling studies have indeed dem-
onstrated that rates of GSD measured by geodetic techni-
ques could theoretically be induced by poroelastic transients
in the shallow hydrothermal system [Hurwitz et al., 2007;
Todesco et al., 2004]. Todesco et al. [2004] carried out
simulations using a multiphase, multicomponent (H,O—
CO,) fluid to describe the recent evolution of a shallow
(1.5 km deep) hydrothermal system in the Campi Flegrei
Caldera (Italy), and Hurwitz et al. [2007] carried out
simulations using a single-component (H,O) fluid with the
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Figure 1. Pressure-temperature projection of the H,O and
CO, phase diagrams, showing liquid-vapor coexistence
curves and critical points (CP) for pure H,O and pure CO».
Coexistence curves for H,O—CO, mixtures will lie between
these two end-members. The dashed outline encompasses
P-T space considered in this study.

goal of determining the range of plausible conditions under
which poroelastically induced GSD might occur.

[5] In this study we build upon the work of Hurwitz et al.
[2007] and examine the effects of a multiphase (liquid—
gas), multicomponent (H,O—CO,) hydrothermal fluid on
caldera deformation. In particular, we (1) examine the
temporal and spatial evolution of GSD (rates, magnitudes,
geometries) by comparing single-component and multicom-
ponent simulation results using a range of hydrologically
realistic properties and processes and (2) explain the com-
plex thermal interplay between fluid flow, GSD, and gas
fluxes at the ground surface.

2. Magmatic Hydrothermal Fluids

[6] The flux and composition of magmatic fluids entering
caldera-hosted hydrothermal systems depend in part on the
depth, composition, degree of evolution, and dimensions of
the underlying magma body [Fournier, 1999; Giggenbach,
1984, 1988]. After H,O, CO, is the most abundant volatile
component dissolved in magmas. As magmas crystallize, or
intrusions ascend in the crust, volatile solubility in the
magma decreases. Because CO, solubility is lower than
that for H,O at equivalent temperatures and pressures, the
relative proportion of CO, in a separate gas phase increases
with depth [Lowenstern, 2001].

[7] Measured CO, surface fluxes in large calderas range
from 250 t d~' in Long Valley [Gerlach et al., 1999] to
45,000 t d~' in Yellowstone [Werner and Brantley, 2003].
Magmatic H,O fluxes are poorly constrained; some evidence
from melt inclusions trapped in crystals ejected in large
eruptions suggest H,O:CO, mass ratios ranging from 5:1 in
Mono Craters, California [Newman et al., 1988], to 300:1 in
the Bishop Tuff of Long Valley, California [Anderson et al.,
1989]. However, these ratios are probably upper limits,
because much of the CO, was likely degassed from the
magma at depths greater than the entrapment depths of the
melt inclusions.

HUTNAK ET AL.: FLUIDS AND CALDERA DEFORMATION

B04411

[8] As magmatic volatiles enter the hydrothermal system,
the phase distribution depends on thermodynamic condi-
tions and fluid composition. The critical point for pure H,O
is 374.2°C and 22.05 MPa and is much higher than that for
pure CO; (31.1°C and 7.38 MPa) (Figure 1). In mixtures of
H,0 and CO,, single and multiple phases of gas-rich and
liquid-rich fluids can exist in equilibrium over a range of
intermediate pressure-temperature conditions [Duan and
Zhang, 2006; Kaszuba et al., 2006].

3. Conceptual Model

[v] We base our numerical model on a widely cited con-
ceptual model of volcano-hydrothermal systems [Fournier,
1999]. Aqueous fluids derived from crystallizing or con-
vecting magma, or from episodic dike intrusion into crys-
tallizing magma, are sourced into the base of the overlying
hydrothermal system. Injection of high-temperature fluids
can induce fluid overpressures, causing the porous rock to
inflate, with the degree of inflation controlled in part by
rock rigidity. Rock expansion/contraction induced by tem-
perature and fluid pressure cause deformation (both uplift
and subsidence) as hydrothermal fluids circulate in the
shallow crust.

[10] For multiphase systems, the reduction in flow of one
phase due to the interfering presence of the other phase can
be described using relative permeabilities (k). These are
empirically based functions of volumetric saturation of
liquid (k) and gas (k,,) phases, with values of k, varying
between 0 and 1. Production data from several geothermal
fields seem to indicate that interference between the phases
is insignificant (k,; + k., = 1 [e.g., Horne and Ramey, 1978;
Sorey et al., 1980]), whereas some laboratory data for
unconsolidated porous media suggest k,; + k,, < 1 over a
large saturation range [e.g., Corey, 1957; Li and Horne,
2007; Piquemal, 1994]. Because relative permeabilities are
sensitive to pore and fracture geometry, the appropriate
functional relationship will likely vary within the system
of interest. Two of the most widely used relationships are
linear and Corey-type curves, and with a few exceptions, the
models in the present study incorporate Corey-type relative
permeability functions.

4. Numerical Model

[11] We couple two numerical codes in order to simulate
the poroelastic effects of magmatic fluid injection into the
shallow hydrothermal system. TOUGH?2 [Pruess, 2005] is a
three-dimensional integrated finite difference simulator for
nonisothermal, multicomponent and multiphase fluid flow
in porous or fractured media. BIOT2 [Hsieh, 1996] simu-
lates axisymmetric or plane strain deformation in an elastic
porous medium. Details about the coupling of the two codes
are given by Hurwitz et al. [2007]. We use the EOS2
module of TOUGH2, which incorporates CO,-H,O equa-
tions of state in the temperature and pressure range 0—
350°C and 0—100 MPa, respectively [Spycher et al., 2003].

[12] Natural calderas are quasi-circular in map view, and
we take advantage of this geometry by generating a radially
symmetric model domain 5 km thick with a radius of 50 km
or greater (Figure 2). The model grid and results can be
visualized on a rectangular cross section, with the left edge
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Fluid injection

Figure 2. Radially symmetric computational model
domain, with boundary conditions described in the text.
Fluids are injected into the base of the model domain atr=10
for point source simulations (thick arrow) and injected over
a radial distance of 9.5 km for distributed source simulations
(thick and thin arrows).

of the cross section coinciding with the central axis of
the caldera. Horizontal grid spacing is 25 m at the center of
the domain and increases logarithmically outward to 5 km
at the caldera margin. Vertical grid spacing is 0.01 m at the
top of the model and increases stepwise downward to a
depth of 150 m, with 100 m thick layers throughout the
remainder of the domain.

[13] Boundary conditions imposed on TOUGH2 at the
left (center of the caldera) and right (outer edge of the
caldera) sides of the mesh are insulating and impermeable.
The upper (ground surface) boundary is maintained at a
constant temperature of 10°C and a pressure of 0.1 MPa to
represent water table conditions. The lower boundary,
representing the base of the hydrothermal system, has
constant heat flux and is impermeable except at locations
where fluids are being injected. Boundary conditions for
BIOT2 include no displacement on the right and bottom
boundaries, vertical displacement only on the left boundary,
and a traction-free surface on the upper boundary. Initial
conditions consist of a hydrostatic pressure distribution
throughout the model domain and a linear temperature
distribution based on the fixed-temperature upper boundary
and constant heat flux lower boundary.

[14] Rock properties are homogeneous and isotropic, and
fluids are sourced at constant rates into the base of the
model domain. Fluids are injected either as a “point source™
in the majority of our simulations (from a single grid block
in the center of the model domain, representing an area of
~500 m?), or as a “distributed source” (injection from
45 grid blocks over a radial distance of 9.5 km, representing
an area of ~300 km?) (Figure 2). We assume that the water
table coincides with the ground surface and that the topog-
raphy is flat (in contrast to stratovolcanoes where topography
influences hydrodynamics [Hurwitz et al., 2003]). Further-
more, we invoke a one-way coupling; that is we do not
consider the effect of stress changes on permeability, poros-
ity, or fluid flow. The effect of simulated deformation on
permeability, for example, is expected to be much smaller
than the permeability range tested here [Hurwitz et al., 2007].
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[15] The range of plausible values for most simulation
parameters is large. Parameters that display a high degree of
variability in nature include rock permeability, porosity, and
elastic moduli, as well as the magnitude of fluid sourcing
and basal heat flux. A previously published parameter
sensitivity analysis showed that model results are particu-
larly sensitive to fluid injection rates, permeability, fluid
source depth, and the shear modulus [Hurwitz et al., 2007].

[16] For the present study, we employ a range of hydro-
logically plausible parameters applicable to large calderas
with a hydrothermally active zone 5 km thick (Table 1). The
thickness of this zone represents the depth to the brittle-
ductile transition, which ranges between four and eight
kilometers in several analogous natural systems [Hill,
1992; Sherburn et al., 2003]. Permeabilities considered are
107'¢ to 107'° m?, consistent with continental [Manning
and Ingebritsen, 1999] and geothermal field [Bjornsson and
Bodvarsson, 1990] values for the depth range considered.
Fluid injection rates are varied between 2 and 21 kt d ™' with
a 20:1 mass ratio of water to carbon dioxide, consistent with
the range of CO, fluxes estimated in several comparable
natural systems [Chiodini et al., 2001; Gerlach et al., 1999;
Goff and Janik, 2002; Seward and Kerrick, 1996]. The value
of thermal conductivity (2.8 W m~"' °C™") is an average for
the continental crust, and basal heat flux (100 mW m2) is
consistent with available data for Quaternary calderas
[Bibby et al., 1995; Lachenbruch et al., 1976; Wohletz et
al., 1999]. Typical values for the thermal expansion
coefficient for saturated rock at high temperature and
pressure range from 5 x 10°°°C~'to 1.5 x 107> °C™!
[Bauer and Handin, 1983; Heard and Page, 1982; Wong
and Brace, 1979], and we use a value of 1 x 107> °C~ " in
all simulations. Crustal deformation scales inversely with
shear (rigidity) modulus, and laboratory experiments at high
pressures and temperatures indicate that the intrinsic shear
modulus of crystalline rocks varies from 0.2 to 50 GPa
depending on rock type, temperature, pressure, and porosity
[Heard and Page, 1982]. Although large-scale crustal
values of 30 GPa [Turcotte and Schubert, 2002] are com-
monly invoked in elastic deformation models, several
studies have suggested that the rigidity of warm volcanic
rocks should be as low as 0.3 GPa [e.g., Davis, 1986]. We
set the shear modulus at 1 GPa in the examples discussed
here. We assume that the solid grains of the host rock are
much less compressible than the bulk medium and therefore

Table 1. Model Parameters

Parameter/Process Range Tested
H,O injection rate 2-21ktd!
CO, injection rate 0.1-1 ktd™!

500 m?, 300 km?
1015 mz’ 101 m2

Injection area
Permeability

Fluid source depth 5 km

Shear modulus 1 GPa

Porosity 10%

Basal heat flux 100 mW m 2
Thermal conductivity 28 Wm ' K!
Rock grain density 2700 kg m >
Rock grain specific heat 1000 J kg~' °C™!
Source temperature 350°C

Thermal expansion coefficient 1 x107%°C™!

Biot-Willis coefficient 1
Poisson’s ratio 0.25
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Figure 3. Deformation resulting from constant rate fluid injection of 20 kt d ' H,O and 1 kt d~' CO,
into host rock having a permeability of 10~'> m?. Thick lines show model results for a multicomponent
(H,0—-CO,) system; thin lines show results for a pure water system. Dashed lines show results
determined using Corey-type relative permeability (k) functions; solid lines show results for linear &,
functions. (a) Cumulative deformation at the center of the caldera for the four configurations tested.
(b) Percentage difference in uplift between Corey-type and linear k. for single-component and
multicomponent simulations. (c) Vertical and radial extent of deformation for the four configurations
tested, showing a significant increase in volume when gas formation impedes vertical fluid flow.
(d) Relationship between Corey-type and linear relative permeability functions.

set the Biot-Willis coefficient to 1. Fluids are injected into
the base of the hydrothermal zone at a temperature of
350°C, consistent with thermal conditions in the brittle crust.

[17] In order to assess the effects of a multicomponent
(H,O—-CO,) hydrothermal fluid on caldera deformation, we
perform a series of “baseline” simulations in which an
equivalent amount of single-component (H,O) fluid is
sourced into the base of the model domain. For example,
results from a multicomponent simulation incorporating 20 kt
d ' ofH,0 and 1 ktd~' of CO, are compared with those from
a simulation containing 21 kt d~' of pure H,O.

5. Simulation Results
5.1. Point Source Simulations

[18] In models of multiphase systems, the functional
relationship used to describe the reduction in flow of one
phase due to the presence of the other phase (relative
permeability) can have significant effects. The most widely
used relationships for relative permeability are Corey-type

curves and we employ these in nearly all simulations.
Figure 3 compares simulated GSD for Corey and linear
relative permeability relations for a simulation in which
20 kt ! of H,O and 1 kt d™' of CO, are sourced into a
host rock having a permeability of 10~'> m?. GSD magni-
tude and radial extent are larger in simulations employing
Corey-type relationships, with uplift in the center of the
domain increasing by 9—15% and volume increasing by
33-57% relative to simulations employing the linear rela-
tionships. Sensitivity to other key parameters was explored
by Hurwitz et al. [2007].

[19] The effects of point source hydrothermal fluid injec-
tion rates and subsequent circulation on GSD for permeabil-
ities of 107"° and 107'® m? are shown in Figures 4 and 5,
respectively. Animations 1—6' show the evolution of the
temperature and gas saturation fields. Rocks hosting the
hydrothermal system deform poroelastically due to increased

! Animations are available in the HTML.
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Figure 4. Deformation resulting from constant fluid injection into host rock having a permeability of
10~'° m?. Thick lines show model results for multicomponent (H,O—CO,) system; thin lines show
results for a pure water system. Multicomponent simulations lead to greater vertical and radial extents of
deformation over time. (a) Cumulative deformation at the center of the domain as a function of time for
the six source configurations tested. (b) Uplift rates at the center of the domain as a function of time; gray
shading identifies region of negative uplift rates (subsidence), and inset shows high initial rates.
(c¢) Vertical and radial extent of deformation after 20,000 years. Vertical cross sections showing gas
saturation for the highest fluid injection rates are shown in Figure 6. Animations 1-3 show system

evolution.

fluid pressure during fluid injection and gas formation, and
thermoelastically due to rock thermal expansion as buoyant,
high-enthalpy fluids migrate toward the ground surface.
Immediately following the onset of fluid injection through
the base of the model domain, an overpressured zone with
elevated temperatures develops near the injection point,
causing local deformation. This deformation is manifested
at the ground surface as rapid uplift in the center of the
domain. The deformed volume expands with time, and
gradual uplift in the center continues as hot fluids migrate
vertically and warm the host rock. At later times, pressure
increases within the shallow subsurface (0—1 km) due to
formation of a gas phase increase both the vertical and
radial extent of deformation (Figure 6).

[20] GSD rate, magnitude, and radial extent are strongly
influenced by crustal permeability. When permeability is
10~"° m?, uplift of ~12 m is attained in the center of the
caldera for the highest injection rate tested after 7000
simulation years (Figure 4a, thick solid line, Animation 1),
after which there is gradual subsidence. Lower sourcing rates
lead to less uplift (Figure 4a, thick dashed lines, Animations 2
and 3), and the time required to attain maximum uplift scales
inversely with injection rate. Uplift rates are highest at the
onset of fluid sourcing (Figure 4b, inset), with maximum
values between 10 and 100 mm a '. Uplift rates in the
center of the domain decrease to <2 mm a ' after several

tens to hundreds of simulated years (Figure 4b, thick lines),
before gradually increasing again as pockets of gas develop
in the shallow subsurface. Once deformation has accommo-
dated the large volume change associated with shallow gas
formation, uplift rates decrease, and even become negative
(indicating subsidence) at later times for the two highest
injection rates shown. The radial extent of deformation
scales with injection rate, from ~4—7 km for the rates
tested (Figure 4c, thick lines).

[21] When crustal permeability is an order of magnitude
lower (107'¢ m?), pore pressures at depth are higher, and
both the magnitude of uplift and radial extent of deformation
are enhanced (Figures 5a and 5c, thick lines. Animations 4,
5, and 6), achieving maximum values of 32 m and 15 km,
respectively. Uplift rates in the caldera center are highest
during the first tens to hundreds of simulated years
(Figure 5b, inset), with values between 20 and 160 mm a~'
for the injection rates tested. Rates then drop dramatically
to <0.5 mm a ' (Figure 5b, thick lines), and become
negative (indicating subsidence) at later times for the two
highest injection rates shown.

[22] Formation of gas (steam and CO,) has a significant
impact on GSD rate, magnitude, and geometry for a given
permeability (compare thick and thin lines in Figures 4 and
5). Inclusion of CO, tends to generate greater vertical and
radial extents of deformation because the vertical extent of
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Figure 5. Deformation resulting from constant fluid injection into host rock having a permeability of
10~'® m?. Thick lines show model results for multicomponent (H,O—CO,) system; thin lines show
results for a pure water system. Curves are visually indistinguishable for the lowest injection rate shown.
Multicomponent simulations lead to greater vertical and radial extents of deformation over time.
(a) Cumulative deformation at the center of the domain as a function of time for the six source
configurations tested. (b) Uplift rates at the center of the caldera as a function of time; gray shading
identifies region of negative uplift rates (subsidence), and inset shows high initial rates. (c) Vertical and
radial extent of deformation after 44,000 years. Animations 4—6 show system evolution.

boiling is enhanced, causing a larger fraction of the host rock
to experience large volume (i.e., pressure) changes and
reductions in relative permeability associated with gas forma-
tion (Figure 3). Figure 6 displays the extent of gas saturation

during equivalent time slices for a single-component and
multicomponent simulation where permeability is 10" m

(Figure 4c). In the pure H,O simulation, water vapor satu-
rations exceed 10% over a depth range of 25 to 1250 m and

10 . Hzo 0|"||y a. iliiiagg H20 = 002 b.
=) 5 TR
ES N 1 NIRERES N
© 30T = i S E = ¥ =
3 A e -
-2000 z=E2S %
-4000 i '

0 2 4 6 8 0 2 4 6 8 10

Radial distance (km)

Radial distance (km)

Figure 6. Cross section showing contours of gas saturation (%) for single-component (21 kt d~' H,0)

and multicomponent (20 kt d~' H,O for 1 kt d'

CO,) simulations at a time of 20,000 years and

permeability of 10~'° m? (Figure 4c). Pressure increases (P) associated with gas formation enhance the
vertical and radial extent of deformation. Gas formation also reduces relative permeability (Figure 3),
impeding vertical aqueous fluid flow (F) and deflecting warm fluids radially outward. (a) Single-
component system showing radial and vertical extent of water vapor saturation. (b) Multicomponent
system showing a much larger region occupied by the gas phase.
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Figure 7. Temporal and spatial evolution of surface gas
flux (m®> m 2> a'; shaded) and uplift rate (mm a !
contours) when 20 kt d™! of H,O and 1 kt d~! of CO, are
injected into the base of a hydrothermal zone with a
permeability of 10~ "> m?. After 2500 years of elapsed time
gas discharge is evident at the surface at r = 0 (the center
of the caldera). The highest local uplift rates are concurrent
with the highest local gas flux. Both maxima migrate

radially outward with time.

extend radially to a maximum distance of 3.1 km. In the
multicomponent simulation, the entire subsurface to a depth
0f2000 m and a radial distance of 5 km has gas saturations in
excess of 10%.

[23] The vertical and radial extent of gas formation
(Figure 6) and the related effects on GSD are both strongly
influenced by permeability. When permeability and fluid
injection rates are low (107'° m? and 2.1 kt d~', respec-
tively), calculated GSD from single-component and multi-
component simulations are virtually indistinguishable
(Figure 5c¢). In contrast, when permeability and fluid injec-
tion rates are an order of magnitude higher (Figure 4c),
vertical and radial extents of deformation are enhanced by
10% and 15%, respectively.

[24] When permeability is 10~ '° m? there are brief
periods when the magnitude and rate of uplift in the center
of the caldera are lower in multicomponent simulations than
in single-component ones (Figures 4a and 4b). Single-
component simulations display a spike in central uplift rate
coincident with rapid formation of steam in the shallow
subsurface, whereas multicomponent simulations display a
more gradual change coincident with development of a
broad region of multiphase flow and associated reductions
in relative permeability (Figures 3 and 6).

[25] The temporal and spatial evolution of fluid fluxes
across the ground surface is largely controlled by the rate of
fluid injection and ?ermeability of the host rock. When
permeability is 10~ ' m?, 2500 years elapse before surface
gas discharge commences for the highest injection rate
tested (Figure 7). Gas fluxes peak at ~9.5 m®> m 2 a ' in
the center of the caldera after 5000 years of elapsed time,
concurrent with the local maximum uplift rate of 2.4 mma "
At later times, peak gas fluxes migrate radially outward,
and are concurrent with local maximum uplift rates.
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[26] A similar pattern is seen when permeability is an
order of ma%nitude lower (Figure 8). Gas fluxes peak at
3m’m 2 a ! in the center of the caldera after 14,000 years
have elapsed, concurrent with a local maximum uplift rate
of 0.2 mm a '. Peak gas fluxes then migrate radially
outward concurrent with local maximum uplift rates. In
contrast to the higher-permeability simulation (Figure 7),
local subsidence is apparent over a broad range of radial
distances (1-8 km) and times (3—30 ka), as indicated by
negative uplift rates.

5.2. Distributed Source Simulation

[27] We examine the effects of distributed source hydro-
thermal fluid injection and subsequent circulation on GSD
for a permeability of 10~'> m”. In this simulation, 10 kt d ™
of H,O and 500 t d~! of CO, are sourced uniformly over a
radial distance of 9.5 km (Figure 2), corresponding to an
injection area of ~300 km?.

[28] Distributed fluid sourcing generates complex GSD
patterns, including periods of localized uplift and subsi-
dence, as shown in Figure 9. Compared to a point source
simulation with the same injection rate and hydraulic
parameters (Figures 4a and 4c), deformation begins with a
much broader radial extent of displacement. Although the
cumulative elevation gain in the center of the caldera (9.5 m)
is roughly the same as for a point source, the maximum
deformation is attained only after a much longer elapsed time
(150,000 years versus 10,000 years). Cross sections showing
GSD, thermal profiles, and fluid phase relations for times
indicated in Figure 8 are shown in Figure 10.

[29] Distributed fluid injection along the base of the
hydrothermal layer increases temperatures to >220°C (rel-
ative to an initial temperature of 180°C) at radial distances
<9.5 km after 20,000 years of elapsed time (Figure 10a).
Fluid injection and host rock thermal expansion generate a
broad region of uplift extending 15 km from the center of

56 Surface Gas Flux and Uplift Rate, k = 107° m?

— 20 =
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Figure 8. Temporal and spatial evolution of surface gas
flux (m®> m 2 a'; shaded) and uplift rate (mm a ';
contours) when 20 kt d~' of H,O and 1 kt d~! of CO, are
injected into the base of a hydrothermal zone with a
permeability of 107'° m?. The highest local uplift rates are
concurrent with the highest local gas flux. Negative uplift
rates correspond to regions experiencing subsidence.
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Figure 9. Temporal and spatial evolution of GSD for a
simulation with permeability of 10~'> m? and fluids (10 kt
d~' H,0, 500 t d! CO,) injected over a radial distance of
9.5 km (an area of ~300 km?) along the base of the
hydrothermal zone. The temporal and spatial evolution of
GSD includes regions of broad uplift, localized uplift, and
localized subsidence. Thick lines denote profiles shown in
Figure 10, as labeled. Animation 7 shows system evolution.

the caldera. The difference in density at the base of the
hydrothermal layer between hot (350°C) injected fluids and
ambient (180°C) fluids distant from the injection area leads
to pressure differences that drive lateral flow toward the
caldera center and subsequent convection (Figure 10b).
Elevated temperatures in the shallow subsurface lead to
gas formation extending to depths of 500 m after 40,000
simulated years, and the radius of deformation contracts to
13.75 km at an average rate of 4 cm a~ ' between 20,000
and 40,000 years of elapsed time.

[30] Continued fluid convection within permeable host
rock generates separate convection cells after 90,000 years
of elapsed time (Figure 10c), and deformation displays a
multifaceted pattern of local uplift and subsidence. The
regions of local uplift correspond to areas above the upwell-
ing convection limbs, and local subsidence occurs above the
adjoining downwelling limbs. Individual gas pockets with
gas saturations in excess of 20% form within the locally
uplifted regions, and gas concentrations are <1% within the
locally subsiding region. The radial extent of deformation
decreases to 10.5 km at an average rate of 8 cm a~ ' between
40,000 and 90,000 years of elapsed time.

[31] After ~150,000 simulation years the separate con-
vection cells merge, and maximum uplift again becomes
focused at the center of the caldera (Figure 10d). The radial
extent of deformation decreases to 8.25 km at an average
rate of 3.75 cm a~ ! between 90,000 and 150,000 years.
Temperatures at depths >100 m are in excess of 100°C, and
a gas phase extends to depths of ~1500 m, with saturations
exceeding 25% in the upper 3—4 m over radial distances of
3 km, despite the cold (10°C) upper boundary condition.

6. Discussion and Conclusions

[32] Poroelastic models incorporating injection of magma-
derived water and carbon dioxide into the overlying hydro-
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thermal system generate substantial GSD in terms of rates
(mm to cma™ "), total magnitudes (up to tens of meters), and
geometries (deformation occurring over radial distances of
kilometers from the caldera center) on subannual to millen-
nial timescales (Figures 4, 5, 9, and 10). Although our
model results are nonunique in the sense that different
combinations of parameters can generate similar deforma-
tion fields, results show deformation patterns induced by
pore pressure transients at various timescales that are similar
to those measured in several large calderas.

[33] At subannual to decadal timescales, the nature of
deformation is largely controlled by poroelastic effects. The
effect on GSD is most pronounced at the onset of fluid
sourcing, with simulated uplift rates in the center of the
caldera in excess of 10 cm a ' for the highest sourcing rates
tested (insets in Figures 4b and 5b). When fluids are broadly
sourced over a radial distance of 9.5 km, volume increase
leads to a broad pattern of uplift extending 15 km from the
center of the caldera (Figures 9 and 10a).

[34] Over centennial to millennial timescales, host rock
thermal expansion and deformation induced by hydrother-
mal fluid flow become more significant, and multiple fluid
convection cells that can merge and split may generate
complex GSD patterns including local regions of uplift and
subsidence (Figures 9 and 10). Enhanced formation of a
high-enthalpy gas phase in multicomponent (H,O—CO,)
simulations (Figures 4—8) increases host rock inflation by
up to 15% relative to single-component (liquid water)
simulations when permeabilities are sufficiently high
(>10"'° m?). Gas fluxes across the ground surface at rates
of m a~' are evident only several thousand years after the
onset of fluid injection, and the maximum local (in time) gas
flux is concurrent with the maximum local uplift rate
(Figures 7 and 8). In nature, more rapid gas migration
may occur through high-permeability conduits and frac-
tures, which are not represented in our simulations.

[35] At this stage our models do not try to explain any
specific GSD episode but are exploratory in terms of
determining which model parameters control the result.
Without independent data, it is difficult to conclude whether
specific episodes of observed caldera GSD result from
magmatic intrusion or hydrothermal phenomena. We have
shown that hydrothermal phenomena can potentially ex-
plain both short (months) and long (millennial) GSD
episodes involving large spatial scales, temporal variability,
and changing sign (uplift or subsidence). It seems reason-
able to surmise that some specific GSD episodes involving
strong spatial and temporal variability and changing sign
may indeed have hydrothermal origins. Explaining such
episodes in terms of changes in magma volume in an elastic
medium can require complex composite magma intrusion
models involving multiple discrete sources.

[36] Several lines of indirect evidence suggest that sub-
surface volume changes and caldera deformation may
sometimes be associated with the dynamics of a low-
viscosity, low-density, CO,-rich fluid at shallow depths.
For example, recent episodes of inflation and deflation in
the Campi Flegrei caldera correlate with CO,/H,O transi-
ents measured at the ground surface, suggesting that CO,
pressures are high during inflation events [Chiodini et al.,
2003]. The large volume of diffuse CO, (45 + 16 kt d~ )
discharge from the Yellowstone volcanic system [Werner
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Figure 10. Cross sections showing contours of temperature and gas saturation for profiles shown in
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(c) After 90 ka. (d) After 150 ka.

and Brantley, 2003] cannot be sustained by discrete epi-
sodes of magma intrusion into the upper crust during
periods of inflation [Lowenstern and Hurwitz, 2008], sug-
gesting that some of the observed deformation may be
associated with the dynamics of the hydrothermal system.
In fact, the involvement of gas-rich fluids in recent defor-
mation of the Yellowstone caldera may be inferred from
abrupt changes in uplift concurrent with elevated seismicity
[Waite and Smith, 2002].

[37] Recent advances in geodetic measurement techni-
ques continue to provide better spatial and temporal reso-
lution of GSD in hydrothermally active calderas. Methods
for monitoring and quantifying volcanic gas discharge also
continue to improve. Continuous, high-precision micrograv-
ity measurements may discriminate between basalt intrusion
and aqueous fluid injection at shallow depths, due to the
threefold (or more) difference in density between magma
and H,O-CO, fluid [e.g., Battaglia and Segall, 2004;
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Battaglia et al., 2006; de Zeeuw-van Dalfsen et al., 2005;
Gottsmann and Rymer, 2002; Rymer, 1994]. When combined
with quantitative dynamic models [Todesco and Berrino,
2005], such data sets may provide insights into the nature of
the fluid(s) inducing deformation. Monitoring of deep pore
fluid processes could also be diagnostic but requires access
to deep boreholes, which are often unavailable.

[38] This study focused on simulations of poroelastic
deformation induced by multicomponent (H,O—CO,) and
multiphase (liquid-gas) fluid flow. Using a range of hydro-
logically plausible model parameters and fluid-sourcing
configurations, results display a range of GSD rates, mag-
nitudes, and geometries similar to those seen in several large
calderas. Despite simplifications such as homogeneous,
isotropic rock property distributions and constant rate fluid
sourcing, multifaceted deformation patterns (including peri-
ods of localized uplift and subsidence) emerged. Heteroge-
neous property distributions (including high-permeability
cracks) will affect both the extent and magnitude of defor-
mation and rates and patterns of fluid flow, and are currently
being tested using more sophisticated models. The potential
for both rapid and gradual GSD resulting from magma-
derived aqueous fluids, as demonstrated in this study,
suggests that hydrothermal fluid circulation may help
explain some occurrences of GSD that have not culminated
in magmatic eruptions.
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